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Abstract 
 Geologically based methodologies to assess the possible volumes of subsurface CO2 storage must apply 
clear and uniform definitions of resource and reserve concepts to each assessment unit (AU).  Application of the 
current state of knowledge of geologic, hydrologic, geochemical, and geophysical parameters (contingencies) that 
control storage volume and injectivity allows definition of the contingent resource (CR) of storage.  The parameters 
known with the greatest certainty are based on observations on known traps (KTs) within the AU that produced oil, 
gas, and water.  The aggregate volume of KTs within an AU defines the most conservation volume of contingent 
resource.  Application of the concept of reserve growth to CR volume provides a logical path for subsequent re-
evaluation of the total resource as knowledge of CO2 storage processes increases during implementation of storage 
projects.  Increased knowledge of storage performance over time will probably allow the volume of the contingent 
resource of storage to grow over time, although negative growth is possible. 
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1. Introduction 
 A fundamental issue in assessment of the volume of geological commodities, such as petroleum, coal, or 
metals is the distinction between the resource, the total volume of the commodity, and the reserve, the part of the 
total volume that is sufficiently characterized to allow economic evaluation.  Over time an additional component of 
resource and reserve classification is the concept of reserve growth.  As production of the initial reserve proceeds, 
we learn more about its geologic characteristics, allowing us to re-evaluate and reclassify part of the original, non-
economic resource into the reserve, or conversely, decrease the volume of the resource.  Also, changes in recovery 
technologies and financial markets can impact the volume of the reserve. 
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 Subsurface pore space for geologic storage or sequestration of CO2 is a finite geologic resource.  
Application of resource and reserve concepts to CO2 storage is logical and intuitive and has been discussed 
previously in relation to geologic sequestration [1, 2, 3].  In published definitions, used by the US Geological Survey 
[4] and the Society of Petroleum Engineers (SPE) [5], the term reserve is applied to the fraction of the resource for 
which there has been some type of economic evaluation, commonly, the cost of production necessary to yield a 
profit.  At present there is no economic value assigned to CO2 that is geologically sequestered (with the exception of 
Norway), so use of the term reserve in CO2 sequestration is incorrect.  However, common, colloquial use of the term 
reserve implies that it defines that fraction of the total resource is the best characterized and could be assigned an 
economic value when geologic sequestration is valorised.  Similarly, the term reserve growth implies a process by 
which some additional fraction of the total resource has been sufficiently characterized to allow its designation as an 
addition to the original reserve, allowing the total volume of the reserve plus produced commodity to grow over 
time. 
 In the absence of economic criteria, the only distinctions that can be made between the classes of resource 
are based on geologic, hydrologic, geochemical, and petrophysical criteria.  The most appropriate terms for resource 
and reserve for use at the current state of implementation of geologic storage are “prospective resource" and 
“contingent resource” [5].  The derivative term, contingent resource growth, is awkward, but will be called CRG in 
this paper.   
 The goal of this paper is to describe a conceptual framework for application of resource assessment 
terminology to CO2 storage that is consistent with the current state of our knowledge of the subsurface.  The 
outcome is a conceptual model for characterization of CO2 storage resources that allows assessment of storage 
volumes that are geologically consistent and allows application of probabilistic criteria for evaluating the 
uncertainties in volumetric estimates.  In addition, contingencies can be clearly defined to allow classification of the 
resource into volumes that are possible candidates for CO2 storage with the current state of knowledge of the 
subsurface.  The conceptual framework is flexible and can accommodate future improvements in geologic 
knowledge, engineering experience and economic criteria.   
 
 
2. Geologic Framework 
 
To construct a consistent methodology to assess resources we must have uniform definition of assessment 
units.  A storage assessment unit must consist of a porous storage formation and an overlying sealing formation 
(also called caprock or confining layer) to retain the CO2. These are the primary characteristics of the two most 
commonly discussed sites for CO2 storage: oil and gas reservoirs and saline formations (SF).  Although CO2 storage 
in known oil and gas reservoirs and saline formations is commonly described as distinctly different forms of storage, 
in most cases they are geologically and hydrologically linked because they occur in the same formation. In a 
description of the characteristics of 22 saline formations with potential for CO2 storage [6] 16 of the formations are 
oil and gas bearing.  Also, of the 22 saline formations, the ones with the most complete information for evaluation of 
their storage potential are oil and gas producers [6].  Therefore, this paper will define the total storage resource of an 
SAU as the sum of the storage resource in the SF and in the known traps (KTs), where the term known trap is used 
in place of oil and gas reservoir with the geological defined assessment unit. 
At present, the only way to evaluate saline formations using measured properties of the formation is to use 
the geologic, geochemical, petrophysical, and hydrologic parameters of the known traps.   These properties can be 
extrapolated into the areas of the saline formation that contain no known traps.  Because the KTs have retained 
buoyant fluids for hundreds of thousands to hundreds of millions of years, they have seals that are known to be 
effective.  Conversely, if the seal over a KT has leaked hydrocarbons, there may be geochemical evidence such as 
mixing of oil and gas types in overlying reservoirs or residual oil staining in the KT.  The largest oil and gas fields 
have produced fluids that occupied over 1 billion cubic meters of pore volume in the subsurface, allowing 
characterization of the flow characteristics of a storage formation in areas capable of sustaining injection of CO2 
from the emissions of the largest industrial sources for many decades [7].  The only true distinction between storage 
in KTs and saline formations is the potential for hydrodynamic and capillary trapping in saline formations that are 
laterally unconfined and open to hydrologic recharge and discharge [8].  In this case CO2 trapping and storage is a 
function of the relative rates of flow of formation water and buoyant displacement of the CO2 plume.  
Hydrodynamic trapping and the kinetics of CO2 dissolution and reaction with host rock imply a length of time for all 
trapping processes to become effective. 
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Resource assessments commonly define a fixed timeframe for the assessed quantities.  “Reserve growth” 
implies that our knowledge of the resource evolves over time as do the technologies, economic factors, and policy 
drivers that impact utilization of the resource.  Furthermore, consideration of a time frame for assessments allows 
evaluation of the total volume of storage necessary for initial full-scale deployment of geologic sequestration.  For 
example, any sequestration project that captures 1 million tons (MT) CO2/yr that is forecast to operate for 20 years 
will require at least 20 MT of CO2 storage.  Likewise, sequestration projects operating at the scale of a large, 1000 
MWe, coal-fired power plant over a 50-year lifetime of the power plant will require 400 MT of CO2 storage [7].   
Decadal timeframes of the injection phase of storage projects are short relative to the geologic, hydrologic and 
geochemical processes that affect the long-term storage of CO2 [8].  Therefore the primary processes that define 
contingences for classifying the resource of storage volume in an assessment of storage capacity are those related to 
displacement of formation fluids. 
 
 
3.  Application of contingencies to storage assessment 
 
a. Application to assessment unit 
 
  Once an assessment unit (AU) of storage formation and seal is defined at the basin scale, 
calculation of the total volume of pore space in the storage formation is generally straightforward [8, 9].  
Contingencies can be applied to this in-place resource that follow the concepts of a resource pyramid [3, 8] or a 
single contingency of storage efficiency (the fraction of total pore space that could be occupied by injected CO2) [9].  
Application of contingencies to the concepts of the resource pyramid result in progressively smaller, but better 
characterized storage volumes.   Simple examples occur in definition of an assessment unit where basic 
contingencies include depth to top of storage formation (base of seal) greater than 800 meters and concentration of 
dissolved solids in formation water greater than 10,000 ppm total dissolved solids (TDS).  In some potential storage 
AUs in basins in the Rocky Mountains of the United States the concentrations of TDS are so low that strict 
application of the minimum concentration will eliminate 100 percent of the prospective resource of CO2 storage.  In 
addition, application of the minimum depth of storage can eliminate 30% or more of the total potential storage 
volume.   
 A more complex issue in definition of assessment unit is definition of maximum depth of storage.  Most 
discussions of storage depth [for example, 10] use an interval between 800 and 3500 m below surface.  The 
minimum depth of storage is based on temperature and pressure conditions that exceed the critical point of CO2 
(supercritical CO2).  However, the density of CO2 in the subsurface at the base of an injection well can generate 
pressures that are high enough to allow injection at depths greater than 3500 without additional compression 
(Burruss, unpublished data).  Setting a fixed depth for the base of storage allows consistent definition of assessment 
units but may eliminate a significant fraction of potential storage in units that span a wide depth range.  However, 
geological conditions such as the presence of overpressured fluids in saline formations at depths greater than 3 km 
along the Texas and Louisiana coast of the Gulf of Mexico may limit the depth of storage, in some cases eliminating 
about 50% of potential storage resource in a saline formation that extends to depths greater than 5 km. 
 
  
b. Application to known traps and saline formation of AU 
 
After definition of the AU, the total potential storage volume is subdivided into the volume within the SF 
and the KTs.   However, the only source of information about the volumetric and flow properties of the SF is the 
measurements made on the KTs.  This is particularly important in evaluation of injectivity of the AU.  The geologic 
parameters that impact fluid flow during oil and gas production, such as permeability and compartmentalization, 
also impact the injectivity of the storage formation.  The production history of oil and gas reservoirs within the AU, 
based on the volumes of all fluids produced (gas, oil, and water) and injected (water and gas), and the evolution of 
reservoir pressure provide empirical evidence on the injectivity of the formation.   Use of this information is critical 
to geologically based assessments because the fraction of the AU within KTs may be significant, for example 17% 
of two AUs in the Frio Formation of Texas are within KTs. Assessment of AUs that do not contain oil and gas 
reservoirs (100% SF) have no or very limited observations of the flow behaviour of the storage formation causing 
large uncertainties in identification of the contingent resource of the AU.  In this case the only method of evaluating 
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the injectivity of large areas of the AU is computer simulation [11, 12] coupled with observations in a small number 
of test wells drilled specifically for evaluation of sequestration potential. 
 By definition then, the volumetric properties of oil and gas productive KTs are the contingent resource of 
CO2 storage in an AU.  This is so because we can identify the volume of storage that has injectivity, and has a seal 
capable of retaining buoyant fluids.  However, even within KTs there is uncertainty in the defining the fraction of 
the trap that could be filled with CO2.  In fields with strong water drive, natural hydrologic flow has filled some 
fraction of the volume of cumulative production with water. Similarly, some fraction of the volume is filled in fields 
that were water flooded.  The fraction of that “refilled” pore space that can be occupied by CO2 is unclear.  
However, in pressure-depleted reservoirs in which there has been minimal re-injection of water, the storage volume 
is closely related to cumulative volume of produced fluid.  The other volume that can be estimated with some 
certainty is the volume of CO2 that will remain trapped in an oil reservoir during CO2 enhanced oil recovery (EOR).  
Current CO2 EOR practice is based on an incremental recovery of about 15% of the original-oil-in-place (OOIP).  
Due to the high solubility of CO2 in the residual oil (miscibility), about 0.5 tons of CO2 remains in the reservoir for 
every incremental barrel of oil recovered.  In very large oil fields (1 billion barrels OOIP or larger) this amount of 
CO2 storage is significant, potentially on the order of 75 million tons of CO2 in a single field, regardless of the 
original recovery factor for the oil field.  If CO2 can displace water from the pore space of the cumulative volume of 
oil produced prior to CO2 EOR, then the total storage could more than double.  This increase in storage can be 
considered an example of growth in storage volume from the initial contingent resource of CO2 trapped during EOR 
to include the pore volume of cumulative oil production. 
 If pressure depleted reservoirs (KTs) are common within an assessment unit, it indicates that there is very 
little hydrodynamic flow into the KTs over the 10 to 50 years time of production.  This lack of flow implies that it 
will be difficult to displace water from the same reservoir by CO2 injection.  Thus, it is evidence that the KTs is a 
compartment within the AU and that it has no flow boundaries.  The geologic processes that created the 
compartments in the KTs also occurred in the SF part of the assessment unit.  Although it may be possible to store 
CO2 in a saline formation compartment with no flow boundaries, the volume will be limited to the compressibility 
of water and the AU up to pressure limit for storage.  That limit will be some fraction of the fracture pressure 
gradient of the storage formation and the overlying seal.  In that case the fraction of water-filled pore space that 
could be filled with CO2 may range from less than 1 percent to possibly 3 percent. 
By evaluating the range of injectivity properties of the KTs within the AU (commonly related to the drive 
mechanism, or energy source for oil and gas production) we can statistically analyze the size and number of the 
different trap types to infer the injectivity properties of similar size potential storage sites within the SF.  By 
applying knowledge of the behaviour of KTs to the saline formation, we can begin to re-evaluate the total resource 
of the saline formation and identify the fraction that can be moved to the category of contingent resource, again, 
driving the process of “contingent resource growth”  (CRG).  
 
  
 Discussion 
 
 The resource concepts discussed here are well known.  However the logical sequence of evaluation of 
storage capacity is distinctly different from an approach that starts with an estimate of the maximum amount of 
storage within a saline formation [13].  By defining the sizes and numbers of KTs within an assessment unit that are 
larger than a minimum storage volume needed for deployment of a large scale storage project, this style of 
assessment provides a mechanism for identifying possible starting points for more detailed site-specific 
characterization including economic evaluation.   
 Knowledge gained by storage in KTs will be directly applicable to characterization of the saline formation.  
In turn, this provides a mechanism for the contingent resource volume to grow over time.   
 One feature of storage in KTs may also impact regulatory review of potential storage projects and focus the 
effort needed for measurement, monitoring, and verification (MMV) of the injected CO2.  A known trap has a well-
defined surface area so that the regulatory area of review and the area for MMV can be clearly defined at the start of 
a storage project.  Furthermore, the efficiency of storage per unit area of a KT is significantly higher than it is in the 
broader, unconfined saline formation [7].  The fraction of pore volume occupied by CO2 within a trap may reach the 
complement of the irreducible water saturation, which in oil reservoirs may be about 50 percent and possibly higher 
(up to 80%) in gas reservoirs.  In contrast, methodologies for assessing storage in the saline formation commonly 
assume that the fraction of pore space occupied by CO2 (the storage efficiency) is only about 1 to 4 percent [9].   
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This difference in storage efficiency has the consequence that for storage of equal volumes of CO2 in the same 
assessment unit, the area above a trap that must be characterized for MMV will be on the order of 10 times smaller 
than the area above the unconfined saline formation.   
 
 
Conclusions 
 
 The parameters needed to evaluate the potential storage capacity for CO2 in known oil and gas traps are no 
different from those needed to evaluate storage in saline formations because commonly they are complementary 
parts of the same assessment unit.  If the storage volume of at least one KT in the AU exceeds a minimum size for a 
full-scale CCS project operating over a number of years (for example, 1 MT/y for 20 years) then the AU is clearly 
identified as a target for more complete characterization of storage capacity.  The empirically observed flow 
properties of the KTs derived from the oil, gas and water production histories can be used to evaluate injectivity at 
the scale of a fully deployed sequestration project within a saline formation.  The storage volumes in the KTs of a 
saline formation are the minimum of the contingent storage resource within the saline formation.  As geologic, 
hydrologic, geochemical and geophysical knowledge of storage processes in KTs advances, additional volumes of 
the total resource of the saline formation can be identified as contingent resources, causing the storage resource to 
grow over time.  This is a bottom-up method of assessment of storage capacity that starts with the part of the saline 
formation that is best characterized, the KTs.  This method is distinct from other methods that estimate the total 
volume of potential storage in a saline formation whereby further characterization will only decrease the volume of 
potential storage. 
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